In Australia rainwater tanks are used in cities to reduce demand of mains water and increase the resilience of cities to drought. Rainwater is collected in a tank and supplied to a dwelling through a small pump. Typically the energy footprint for rainwater supply (in kWh/kL) is higher than for centralised water supply, but it can also vary markedly from dwelling to dwelling (0.4-11 kWh/kL).
INTRODUCTION
Rainwater harvesting and collection through tanks has been adopted in many countries around the world, e.g. Uganda, China, Australia, Spain, the USA, France, Greece (Baguma In urban dwellings rainwater collected in a tank is supplied on demand to various end uses, typically toilet flushing, washing machine cold tap and outdoor taps, via a fixed speed pump (Talebpour et al. ) . A number of Australian studies have examined the energy burden associated with such mode of supply via desktop (Marsden Jacob Associates ; Lane et al. ; Hall et al. ) or in-situ studies. Hall et al. () estimated that in areas of high rainwater tank uptake, such as South East Queensland, 'rainwater tanks might potentially consume the same amount of energy as the centralised water supply system' in the future, yet they also recognised that there was high uncertainty (±50%) in estimates of energy for rainwater in Table 1 . The energy footprint or the specific energy, i.e. the amount of energy used for pumping divided by the amount of water supplied in kilowatt hours per kilolitre (kWh/kL), reported in those studies ranged from 0.59 to 11.6 kWh/kL of rainwater supplied. However, the dwellings monitored differed in system set-up, number of householders, dwelling characteristics (e.g. single or double storey) and end uses. In Queensland, the energy recorded for rainwater supply to six high value houses with individual rainwater tanks ranged from 2.1 to 3.8 kWh/kL (Gardner This study aimed to understand how the design of the rainwater supply system from the collection tank to the household can reduce the energy consumption of pumping.
To do so we examined the operation of a range of system components for rainwater supply, such as pumps with control switches (pressure or automatic rainwater to mains water switch), with and without pressure vessels, or header tanks, to understand their impact on the energy footprint for rainwater supply in urban dwellings.
MATERIALS AND METHODS
A model house was constructed in the CSIRO laboratories.
An 850 L rainwater tank supplied water via an external pump through 18 mm diameter polyethylene pipe to a range of common household appliances: a top loading washing machine, a tap, a dishwasher and a dual flush toilet cistern (shown in Figure 2 ). System components adopted included 
RESULTS
This section summarises the experimental results obtained from this study.
Service requirements
In Australia, mains water supply is pressurised, in addition, due to water scarcity, household appliances and fittings have evolved to function at high water efficiency. Fittings, such as taps, showerheads and irrigation devices, are designed to limit the flow of water use (Australian Government ) and household appliances, such as washing machines and dishwashers are designed to operate within a specific range of flow and/or pressure conditions. Table 2 shows The pattern of water supply for individual appliances also differs. Filling of a toilet cistern requires supply of 3 or 6 L of water as a continuous event, whereas, the operation of the washing machine and the dishwasher is characterised by water supply in multiple events of various volumes and intervals. This is exemplified in Figure 3 for the washing machine where water was delivered in seven stages (three main supply events (53, 28, 22 L), and the remainder as small supply events (<3.5 L/each), thus causing the pump to start multiple times.
Pump operation
Fixed speed pumps are the most common type of pump adopted for rainwater systems in Australian urban dwellings (Retamal et al. ) . The pumps selected are representative of the typical range observed in the studies in Table 1 , where 44 and 33% of pump motor size were within the ranges of 0.41-0.6kW and 0.61-0.81 kW, respectively. Figure 4 shows the specific energy (kWh/kL) for pumping rainwater at a range of flow rates for each pump A, B and C. The figure also shows the range of service flows measured during water supply to the dishwasher, the filling of the toilet cistern and the filling of the washing machine, which were respectively 3.3-4.1 L/min, 4-6.3 L/min and 9.6-13 L/min, in this study.
As seen in the figure, the energy required for pumping decreases as flow rate increases, with low flow applications, such as filling a toilet cistern, having a higher specific energy than higher flow applications, such as the washing machine. Thus, energy requirements can be minimised by either operating pumps at high flow rates or by selecting pumps with low specific energy curves such as pump A in preference to pump C. Figure 5 shows the specific energy required for pumping water to the appliances investigated. The header tank, which is controlled by a float ball valve, has the lowest energy requirement at 0.4-0.6 kWh/kL, depending on pump size, filling also took place at high flow rates (>25 L/min) for an effective volume of 260 ± 4.7 L in a single event. Such volume is sufficient to supply the typical rainwater end uses (washing machine, toilet and irrigation) of 137-233 L per day reported for dwellings in South East Queensland (Beal et al. ) . However, when examining the service pressure generated by gravity, 20 kPa, the pressure generated was below the minimum required for operation of many appliances ( Figure 6 ). This could be improved by increasing the height of the header tank, but this would exceed the height of the roof cavity (2.7 m) in a single storey household.
On the other hand, all three pumps exceeded the required minimum pressure for appliance operation. Hence, to adopt a header tank, it would be necessary to either increase the height of the tank or alter the design pressure of the water inlet in current appliances. A discussion with manufacturers would be required to explore if appliances can operate at low pressure and the changes required.
Ancillary devices
Two pressure vessels, 8 and 18 L, were examined (Tjandraatmadja et al. ). Pressure vessels are designed to 
CONCLUSIONS
In conclusion, pumps are most energy efficient when performing at high flow rates (>25 L/min), at which energy requirements are minimised. However, limits to the flow that can be achieved are exerted by the design of water inlet valves for appliances sold in Australia, which are designed for high pressure mains water supply. It was
shown that a number of options could be attempted to reduce the energy use for pumping.
• Pump selection: among the three pumps adopted -all three pumps deliver suitable service, however, pump A (0.2 kW motor capacity) had the lowest specific energy
requirements. Yet, as previously shown in Hauber-Davidson & Shortt (), pump brand in addition to pump motor capacity needs to be considered in pump selection.
• Pressure vessels: need to be selected with consideration of the volumes required by appliances supplied with rainwater. They are effective to maintain service pressure, whilst also reducing the energy required for low volume end uses when adequately sized. However, their performance also depends on other system components such as switch type and pump capacity.
• Supply of water from header tanks by gravity are constrained by the height at which a tank can be placed and by the appliance design in Australia. Thus, their use would require modification of either of the two, which would require redesign of the building or of the appliances. They may, however, be considered for double storey housing.
Proper selection of system components could thus reduce the overall energy footprint for rainwater pumping.
